It is of practical importance to seek ways of improving the mechanical performance of planar random fibre composites towards more demanding load-bearing applications. In this paper consideration is given to enhancing the mechanical properties of melamine-formaldehyde with titanium dioxide filled with alumina trihydrate and reinforced with glass or carbon fibres. We discuss the advantages offered by using a stiffer and anisotropic fibre, functional grading of the composite, fibre treatment and replacement of a hard constituent particle with a softer one. It is shown from tensile testing that composites with carbon fibres show less propensity to microcracking, higher stress and lower strain at break compared to glass fibre materials. Materials with differently treated glass needled mats are compared. The performance of composites with heat cleaned glass mats is worse than that of the material with the "as-received" glass mat, most likely due to fibre damage during burn-off and compression moulding. A reduced "knee" on the stress-strain plots manifesting less strain-induced damage in the composite and improved performance is observed for a silane treated heat-cleaned glass mat material compared to a heat-cleaned but untreated glass mat. On the other hand, some embrittlement is noticed. A melainine derivative coating with an average thickness of about 1 μιη on the glass fibres significantly improved tensile performance in the "post-knee" region. A glass fibre composite with soft (zinc sulphide) particles shows reduced "knee" behaviour and higher stress and strain at break compared to a material with hard (titanium dioxide) particles. This is explained by higher damage to glass fibres caused by hard pigment particles during processing.
INTRODUCTION
Melamine-formaldehyde (MF) has long been recognised as an important polymer of outstanding properties suitable for surface and higher temperature applications. There is a present trend to employ this stiff, hard polymer as a matrix for composites. Moulding compounds based on melamineformaldehyde (MF) discussed in this paper are processed by compression moulding where the main emission is water. Stiff composites of high marring performance, stain resistance, temperature retardancy and attractive appearance can be obtained. Generally, thermoset based PRFCs show small-strain damage (propensity to microcracking). This has implications on their tensile performance and notoriously rather low first strength (stress at which pronounced microcracking takes place manifested by a "knee" on the stress-strain plot), and low stress and strain at break can be observed. This is also the case for MF based PRFCs mainly when a higher content of ΑΤΗ is used for fire resistant applications. Commonly situations arise where materials are subject to increased mechanical loading. Ways of improving mechanical performance towards loadbearing applications are of practical importance.
Fibre-matrix interface plays an important role in composite performance. This is quite well known and can be found in several published works, e.g., /4/. Particularly for brittle ceramic matrix composites (CMC), for example, an increase in mechanical performance (toughening) is achieved by the promotion of interfacial debonding 151. This can be achieved by using coated fibres imparting low interfacial shear strength. Similarly with thermosetting matrices, interfacial debonding is desirable towards higher toughness. A suitable interlayer is likely to protect fibres from process-induced damage 161. It can be expected that also in the case of a MF matrix having a rather high propensity to cracking it is important to explore ways of fibre coating. Flexible melamine derivatives are used in this work as fibre coating. They are expected to act towards higher composite toughness and strength by increasing the work of fracture, for example by crack deflection, and by protecting the fibre from slicing by propagating cracks (crack-bypassing and crack-blunting). On the other hand, interfaces that readily fail can impart poor transverse and shear properties -a factor that needs to be borne in mind, particularly when dealing with planar random fibres.
Tensile performance will improve when fibres carry more load. An increase in the load carried by fibres is particularly desirable at higher loading to avoid increased matrix load. From this point of view stiff carbon fibres are more advantageous than less stiff glass fibres. Also, carbon fibres have a higher strength. For example, high fibre strength plays an important role in ceramic matrix composites where, once a crack is initiated and extended, fibres take on the load in the crack wake 161. Carbon fibres seem advantageous also due to their anisotropy, namely the low radial modulus. This can be expected to enhance mechanical performance by imparting less strain magnification between adjacent fibres, for example in transversely oriented fibre bundles.
Finally, the performance of MF composites with hard or soft particles is considered. It is likely that the strength of a composite with soft particles will be higher due to reduced fibre surface damage during flow in compression moulding.
MELAMINE-FORMALDEHYDE BASED PLANAR RANDOM FIBRE COMPOSITES
Melamine-formaldehyde is a nitrogen-rich amino resin formed in a condensation reaction of melamine with formaldehyde. Traditionally it is used as an adhesive, fabric treatment and together with cellulose for dinnerware 111. Applications also include surface materials like flooring and worktops, keyboard housing for teleguides in telephone booths, chairs and tables used in public transportation, etc. MF is available in an aqueous solution which is used to prepare prepregs by impregnating fibre mats. Most of the water is subsequently evacuated in a drying step. Before compression moulding prepregs are preheated during which operation their drapability increases. Free water remaining in the prepreg and water released during polycondensation is evacuated during compression moulding in a venting step when the mould is slightly opened. Interestingly, it is also possible to process this polymer without the venting step when a certain amount of absorbing substrate like cellulose is added, for example by using a technique resembling film stacking /8,9/. Similarly to the methods of compression moulding, fibre reinforced materials or unreinforced ones can be manufactured. In all work presented in this paper, compression moulding was used.
Neat solid MF is rather difficult to obtain and data are scarce for pure MF. Nevertheless, some characterisation has been carried out and it was found that the tensile modulus is between 8 and 9 GPa /10/ and the strength is about 40 MPa II1/. Stress transfer to matrix for this unusually stiff polymer must be expected to be high and consequently to affect composite properties. Thus a stiffer fibre should be used to counter-balance high matrix load unfavourable for the composite's performance.
Glass fibres are commonly employed as reinforcement. Ε-glass fibres have a modulus of 76 GPa and on average a tensile strength of 2.0 GPa 151. They are isotropic. Glass chopped strand mats (CSM) or needled mats have been employed so far to reinforce MF. In CSMs individual filaments are held together by a binder. Typically for glass fibres a couple of hundred filaments form bundles. On the other hand, in particular for carbon fibres, there is a trend at present to increase the number of filaments in a bundle (bundle size) by using heavy tows to reduce the cost. Bundle size is then an important issue which needs to be addressed in the present context. Preliminary results show that increasing the bundle size needs to be carried out with caution as large non-disintegrated bundles in a MF composite are
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Towards Higher Performance Melamine-Formaldehyde Composites accompanied by a decrease in mechanical performance. Results from a currently running study on the influence of bundle size on MF composite performance will be published separately.
The integrity of a needled mat is achieved by entanglements caused by needling whereas the integrity of a CSM is achieved by introducing a binder. Generally, a binder acting as a matrix-fibre interlayer has a pronounced influence on composite performance. It influences stiffness, strength, surface cracking and strain at break of CSM reinforced melamine-formaldehyde /l/. Choice of mat type is important for this type of application. For example, a needled mat MF composite is suitable for sanitary applications where absence of surface cracks is crucial for staining resistance and cleanness.
On the other hand, CSM-based MF composites show a higher propensity to microcracking and reduced surface performance, but are tougher. Mohs hardness, respectively /14,15/. Zinc sulphide (ZnS) is also often used as a white pigment although its hiding power is lower. Two forms named wurtzite (alpha type) and sphalerite (beta type) are used. They have a lower hardness of 3.5 Mohs /11,16/. It can be expected that damage caused to fibres by softer ZnS during processing will be less than that caused by the much harder Ti0 2 .
TOWARDS HIGHER LOAD-CARRYING CAPACITY OF MF COMPOSITES
A) The Use of Carbon Fibre
As mentioned earlier, it is probable that fibres of higher stiffness will carry more load in a composite. A less loaded matrix will perform better. In particular, less damage can be envisaged. Load sharing in fibre direction can be expressed as follows /17/:
with Pf, P c denoting the load carried by fibres and composite respectively, σ/ and σ", are stress in fibre and matrix, v f is fibre volume fraction, and E fi E m the modulus of fibre and matrix, respectively. A graphical representation of the above equation is shown in Fig. 1 . It can be seen that the load carried by GPa and 9 GPa for HS CF and MF are assumed) whereas the same load sharing requires about 40 vol.% glass fibres. Thus, it may be feasible to use carbon fibres instead of glass fibres -bearing in mind easier processing with less fibres, lower weight of the composite part, typically higher mechanical properties of carbon fibres, expected decrease in carbon fibre price, higher temperature resistance, and electrical and heat conductivity of carbon fibres. Also, carbon fibres have a much lower transverse modulus compared to glass fibres and thus the strain magnification between two adjacent fibres is lower in the case of carbon fibres, assuming the same fibre architecture. This can be understood using the analysis shown by Kies 718/ who calculated the strain magnification, e 5 -, as follows:
+ -
•<f± (2) fibres is about 2 times less than that between glass fibres. Schematically this is represented in Fig. 2 for transverse tensile straining, where it can be seen that the distance between transversely more rigid fibres increases more (b) than that between transversely more flexible fibres (c); this implying a higher strain magnification.
(a) (b) (c) It has been reported in the literature that a certain low matrix stiffness is required in the near fibre region to minimise the strain peaks around a transversely oriented fibre in the case of an AS-4 / Epon828 composite /24/. As shown in the early works of He, Hutchinson and Kendall /25,26/, interfacial energy must be appreciably lower than that of the reinforcement if matrix cracks are to be consistently deflected; this implying the need for low toughness interfaces/interphases. On the other hand, as discussed earlier, a higher mechanical performance can be expected when more load is transferred to fibres, and thus increased adhesion is attractive towards transferring more load to the fibres and consequently reducing the matrix load.
A silane functional with melamine-formaldehyde (Dynasylan AMEO, Sivento) was applied as a primer to heat-cleaned glass fibres (450°C for 30 min). Such cleaning has been used earlier by Piggott 1211. Burn-off of earlier sizing is likely to damage fibres and to expose them to further damage during processing. Thus worsened mechanical performance can be expected. This is just what we see in Fig. 4 , where stress-strain behaviour of heat-cleaned glass fibre mat composite is substantially worse than that using a mat with an "as-received" treatment. Treating the clean glass surface with a silane improved mechanical performance by producing a composite with a less pronounced "knee" behaviour (less microcracking) but worsened it by imparting a more brittle behaviour. 
D) Counteracting of the Detrimental Effect from Hard Particles
During moulding of a composite part, material constituents are pressed together and flow takes place. Stress concentrations resulting from fibre-fibre and particle-fibre contacts can be expected; the latter one occurring mainly when hard particles are present. It is possible that process-induced fibre damage takes place when hard particles are used.
As is well known, Ti0 2 particles commonly used as white pigment are hard. Alternatively ZnS can be used. As mentioned earlier, titanium dioxide has a higher hiding power but is a harder particle.
Average (from 6 tests) stress-strain plots for a GF/MF/ATH formulation with different pigments is shown in Fig. 6 . In both cases 20 wt.% glass fibres and 10 wt.% pigment were used. It can be seen in 
CONCLUSIONS
Some ways leading to higher mechanical performance of melamine-formaldehyde composites with glass or carbon fibres have been indicated. They are:
• A fibre of high longitudinal and low radial stiffness is advantageous towards load-bearing performance.
• Reinforcement with a high strength carbon fibre veil offers improved tensile stress carrying performance and reduced strain-induced damage compared to a glass fibre mat. On the other hand the strain at break is lower.
• Heat-cleaned glass fibres treated with a silane functional with MF perform better than untreated heat-cleaned fibres. In both cases the performance is worse than that of "as received" glass fibres, indicating that heat-cleaning has a negative influence on tensile performance.
• Functional grading using a melamine derivative based fibre coating leads to a higher tensile stress and strain at break of glass fibre reinforced MF.
* Replacement of hard particles (Ti0 2 ) with softer ZnS ones leads to higher tensile stress and strain at break.
